Particle ingestion and deposition is an issue of concern for gas turbine engines operating in harsh environments. The ingested particles accelerate the deterioration of engine components and thus reduce its service life. This effect is observed to a greater extent in aircrafts/helicop ters operating in particle laden environment. Understanding the effects of particle ingestion at engine representative condition leads to improved designs for turbomachinery. Experiments have been in an Aerothermal Rig facility at Virginia Tech to study particle deposition at engine representative temperatures. The Aerothermal Rig was upgraded to achieve air temperatures of up to 1100°C at the test section. The experiments are performed using Arizona Road Dust (ARD) of 20-40 μm size range. The temperature of air and particles are around 1100°C at a constant velocity of 70 m/s.
Background
Operating gas turbine engines in particle laden environment can be detrimental to their performance. Ingested micro particles can significantly reduce the engine life and result in engine failure. Modern gas turbines are equipped with filters to prevent any foreign particles from entering. These filters are several feet tall and custom made for the environment in which the turbine is going to operate so that minimum amount of particles gets to the turbine. For example, a turbine operating in desert environment is equipped with sand filters to prevent it from entering.
However, propulsive turbines generally do not have any filters due to space and weight constraints.
Particles of all sizes and types can get ingested in such situations. Airplanes and helicopters with Vertical Take-off and Landing (VTOL) capability such as V-22 Osprey are subjected to high concentrations of microparticles when flying at low altitudes (See Figure 1) . Gas turbine engines are subjected to environments that have particle concentrations as high as 2.17 x 10 9 particles per cubic meter [1] . Land-based turbines with air mass flow of 1000 lbm/s can ingest as much as 28,000 lbs of impurities in 8000 operational hours for particulate concentration of one ppmw [2] . Ingested micro-sand particles can deteriorate the engine performance in several ways. The primary mechanism of damage in the compressor (cold) section of the engine is erosion. Ingested particles erode the compressor blades resulting in its performance loss. Erosion damage in the compressor section can be characterized using co-efficient of restitution (COR). COR indicates the amount of kinetic energy absorbed during a collision. It is calculated by taking the ratio of the kinetic energy of the particle after and before the collision. In the combustor section, the particulates could block the fuel injection nozzles resulting in improper combustion.
In the turbine section, the primary mechanism of damage is particulate deposition. Due to the high temperatures and velocities, the particles are easily deposited on the turbine blades and vanes thereby altering their aerodynamic profile. In many cases, the deposited particles block cooling holes or internal cooling passages on the turbine blades which results in blade material thermal damage.
Several studies have been conducted in the past to characterize particle deposition in gas turbine engines. Most of these studies consist of injecting micro-particles in a full-scale working turbine and then examining its effects afterwards [3, 4] . Other studies have investigated particle deposition as a function of the test coupon angle, surface roughness, particle concentration, etc. [3, 5] . These studies are empirical as there is no direct way to characterize particle deposition. The current study expands on the data available on empirical impact correlations by presenting sand deposition at its near melting temperatures. This will enable more accurate models and computational analysis of sand deposition in gas turbines.
There are many mechanisms through which sand particles are delivered inside gas turbine engines. The major mechanisms are (1) inertial impaction, (2) turbulent eddy diffus io n, (3) Brownian diffusion, and (4) thermophoresis. Depending on the size of the particle, one of the deposition mechanisms will be dominant. Inertial impaction is dominant for particle size greater than 10 microns. This is because the particles have high momentum and do not follow deviating gas streamlines. This correlates with the Stokes number of the particles. The Stokes number of a particle states whether the particle will be able to respond to the change in flow. Because of momentum, the particles penetrate the flow boundary layer and ultimately impact with the airfoil.
Particles smaller than one microns are affected by turbulent eddies in the surface boundary layer and are swept toward the airfoil and endwalls. This mechanism is referred to as turbulent eddy diffusion of particles. For Brownian diffusion, smaller particles interact with thermally agitated gas molecules and impact randomly in the flow field. As for thermophoresis, particles of sizes ranging from 0.01 microns to 0.1 microns are driven from high temperature to low temperature regions. This is caused by boundary layer effects at the surface of the particle having a thermal gradient across it. These mechanisms for particle delivery have been summarized in Figure 2 shown below. Moreover, the London-van Der Waals force can also act on the particles near airfoil or endwall if they are electrically charged due to interaction with hot gases. As a result of this, smaller particles near the surface can get attracted towards it and ultimately deposit. If the above mentioned mechanisms are more dominant than the van der Waals force, the particle will rebound. If not, the particle will adhere to the surface.
Significant quantities of impurities can be delivered to the turbine airfoils due to the above mentioned mechanics. Typically, these impurities are of irregular shape and sizes. These particles are exposed to extreme flame temperatures when they pass through the combustor section. When exposed to such extreme temperatures, the particles transform and are in molten state when they enter the turbine section. Depending on the sizes, the molten particles are delivered to various parts of the turbine section and deposit to the surface.
Past Studies
One of the earliest studies on particle deposition in gas turbines was published by Sieverding et al. [7] in the von Karman Institute handbook in which the authors highlighted that the three most important factors which effect deposition are (1) particle temperatures, (2) its type, and (3) size.
Sieverding et al [7] also observed that the deposited particles can interact with each other, physically, depending on their concentration. Impacting particles interact with already deposited particles and in some cases, particles interact with each other in the flow stream if the concentratio n is very high. This phenomenon is even more prevalent in the extreme temperatures of hot gas path in a turbine and may result in alteration of their properties. Physical properties such as transitio n temperature are lowered for these particles. Transition temperature is the temperature at which the particle changes its state to molten. Friedlander and Sieverding [7, 8] discussed that the melting temperature of ingested particles inside a gas turbine is significantly lower than their melti ng temperature in pure state. The lowering of the transition temperature is observed in all the particle types ingested in a gas turbine. Sand particles are complex mixtures of various crystalline solids that result in lowering of the melting temperature compared to individual particles' melting temperature. Dunn [3] studied various modes of failure in J-57, TF33, F100, F107, and F112 engines due to particle ingestion. The experiments were performed at Industrial Acoustics Engine
Cell located at Edwards Air Force Base. The engines were exposed to different concentrations of impurities until they failed. The time taken for the engine to fail was recorded and it was found that engine fails early at higher concentration of impurities. It was concluded that higher concentration of impurities and properties of ingested particles are important factors in particle deposition.
Kim et al. [4] performed deposition tests on a hot section test system experimental test rig made from Pratt and Whitney F-100 and Allision T65 engine components. Deposition at particle concentrations of 250, 500, and 1000 mg/m 3 was tested in this study. The turbine inlet temperatures ranged from around 1050°C to 1250°C. Deposition was characterized by measuring the deposited mass of particles. It was found that deposition increased linearly with increase in dust concentration. It was also found that location of particle deposits is strongly influenced by whether or not they are able to follow the flow.
Jensen et. al. [2] performed deposition tests using sand particles on an accelerated deposition testing facility on a nickel super alloy coupon. The tests were performed at coupon angles ranging from 30° to 90° and flow temperature of 1150°C. It was found that deposition increased with increase in coupon angle. On the same testing facility, Crosby et. al [5] performed accelerated tests simulating 8000 hours of turbine service. It was found that particle deposition is higher for coupons with higher surface roughness. This means that more particles were captured by the surface compared to a relatively smoother surface.
This phenomenon of particle deposition on impact was explained by Smeltzer et. al. [9] . It was proposed that when the particles impact on the metal surface in the extreme conditions of a turbine, they stagnate momentarily and impart some kinetic and thermal energy to the metal. This causes localized heating of the particles and the impacting surface at their point of contacts. The localized heating is enough to melt the particle and the impacting material around the region of impact and bind to the metal surface. The metal surface is relatively cooler due to its cooling mechanisms and aids in forming a permanent bond with the particles. If the particles are impacting the metal surface in molten state, the impact will generate enough energy to locally melt the metal.
This bonds the molten metal and impacting particles and ultimately results in their deposition.
Walsh et. al. [10] studied particle deposition on film-cooling holes of a turbine vane. The experiments were performed on test coupons with various cooling hole geometries at temperatures ranging from room temperature to approximately 1000°C. The deposition was characterized using a flow parameter across the film cooling hole. It was found that particle deposition increased significantly at around 1000°C. It was concluded that particles most likely melted on impact and adhered to the surface. This concurs with Smeltzer and Sieverding regarding lowering of melting temperature of particles [7, 9] .
To understand how much energy is being imparted on to the metal surface and particle during impact, COR studies were performed by Reagle and Delimont [11, 12] using Arizona Road
Dust. The experiments were performed on VT Aerothermal Rig at temperatures ranging from room temperature to 1050°C. It was found that COR decreases at higher coupon angles. This means that more energy is absorbed by the blade material during impact at higher coupon angles. Impacting particles lose more energy to the metal surface resulting in higher localized temperatures and deposit. Delimont et al. [12] also found that particle deposition onsets at around 1000°C and measured deposition at various particle coupon angles. It was found that particle deposition increases with increasing test coupon angle relative to the air flow. The deposition is even more severe when the particles are at its near melting temperatures. This shows that flow temperature and COR has direct impact on particle deposition.
In order to understand the particle deposition types, Borom et. al. [13] performed an electron microprobe analysis on gas turbine components damaged by sand particulates. In most of the cases, oxides of silicon, calcium, magnesium, and aluminum (CMAS) deposited onto the turbine section airfoil surfaces. Oxides of CMAS are the most common compounds found in sand and ash. Similar analysis was performed by Smialek et. al. [14] on damaged helicopter engines operating in the Middle East and found that oxides of CMAS were the primary component of the deposited material. Crosby et al. [15] performed accelerated tests on a bare meta coupon at 1150° flow temperature and 45° coupon angle. Scanning electron microscope analysis was performed to find elemental composition of deposits formed by ash. The composition of the deposited material was found similar to that of Smialek and Borom [14, 16] .
Based on phase equilibria diagrams given by Sieverding [7] and Maier et al. [17] , it is found that the melting temperature of CMAS mixture is lower than the melting temperature of the individual particles. The lowering of the temperature depends on the composition of each oxides present in the mixture.
Deposition has not been documented during its initial onset at near melting temperatures of crystalline sand particles. More study is needed before particle transport and energy transfer mechanisms of the ingested particles can be confidently included in the computational models.
This study provides further insight into particle deposition as a function of temperature and impact angle and will help narrow the gap. The companion works for this study [12, 18] investigate the effects of temperature and impact angle at lower temperatures. The results from these studies provide insight into particle deposition at near melting temperatures and could be used for validation purposes.
Objectives and Scope
The objective of this study is to determine the effects of temperature and total sand injected on deposition at constant impact velocity. The test coupon on which experiments are performed is made from a high temperature nickel super alloy, Hastelloy X. The experiments are performed at 30°, 50°, 80°, and 90° impact angles at a constant velocity of 70 m/s. From previous studies [6, 11, 12] , it was found that particle deposition increases as temperature increases.
From previous research [2, 6, 7, 12] , the melting temperature of sand is around 1050°C. This study tests sand deposition at temperatures up to 1100°C. It is expected that with increase in temperature, a sharp increase in deposition will occur.
This study also investigates the effects of particle concentration on deposition at temperatures up to 1100°C. Based on previous research [3, 19] , particle deposition should increase with higher particle concentration. This study hopes to add on to the data obtained previously and also look into other parameters that affect particle deposition.
Experimental Method
The experiments are performed on Virginia Tech Aerothermal Rig for this study. This section briefly explains the aerothermal rig and its current capabilities. Detailed explanation on the aerothermal rig is given by Delimont et. al [12] .
Aerothermal Rig
The Aerothermal Rig was donated by Rolls-Royce to Virginia Tech in 2010. It was previously installed in Indianapolis, Indiana, for heat transfer studies by Nealy et al. [20] and
Hylton et. al . [20] . The original operation specifications for this rig were reported by Rolls Royce as air flow rate of 2.2 kg/s at a maximum pressure and temperature of 16 atm and 2033 K, respectively.
The current test rig has been explain in detail by [8, 9] and has been described here briefly.
The rig has been modified from its original configuration to allow sand to be injected immedia te ly downstream of the burner. Figure 3 is an image of a CAD model of the VT Aerothermal Rig showing its layout in the current configuration. The rig was used previously by Delimont et al [12] to study sand ingestion at temperatures lower than 1050°C. Since the work by Delimont et al., the equilibration tube has been changed to allow for a higher maximum operating temperature. The current maximum test section temperature of the rig is 1100°C. After passing though the control valve, the air enters the sudden-expansion, water-cooled burner that heats the flow using methane as fuel (See Figure 3) . The sand particles are into the main flow after the burner. Figure 5 shows the particle injection location on the aerothermal rig.
The particles are injected in the opposite direction of the main air flow to allow for proper mixing.
Moreover, the particles are injected right after the burner so that they have enough time to reach the main air flow temperature and velocity. into the test rig through the bleed air. Figure 6 shows the particle injector setup. figure 8 , the coupon angle is 90°.
Rotating the coupon clockwise or counterclockwise will lower the coupon angle. 
Instrumentation
A traversing Pitot-static probe is mounted at the exit of the equilibration tube to measure the exiting flow velocity. Because the probe is mounted to a traverse mechanism it can be placed in the flow to verify test conditions prior to the run and then removed so that it is neither damaged nor clogged by sand while particles are being injected into the flow. The probe is moved out of the test section during particle injection. Detailed information on the Pitot-static probe survey is given by Delimont et. al. [12] .
To measure the temperature of the air exiting the equilibration tube, a K-type thermocoup le is placed at the top of the coupon. Additionally, a thermocouple is buried inside the metal of the coupon back plate support, sealed with high temperature ceramic adhesive to get a rough estimate of the coupon temperature. There are many other thermocouples that are also placed on and inside the rig. These thermocouples are used to ensure that the rig has reached equilibrium temperature and to make sure that the rig does not go over its safe operational limits.
A high resolution camera is used to monitor particle injection and is configured to provide a live feed of the window port downstream of the particle injector to a computer or a smart phone.
The resolution of the live feed is 720p and has a lag of one second. The camera is used to measure the time it takes for the particle injector to empty allowing for the sand concentration to be calculated during each test.
Particles
The sand particles used for this test are Arizona Road Dust (ARD). The particle size of the ARD used for this test was a size range of 20-40µm. The mean size is 26.71µm by volume for this size range. The numerical mean particle size was calculated from particle batch analysis provided by the particle manufacturer of the ARD used in the experiments. A narrow size range of particles is extremely important so that the possible effects of particle size do not contaminate the test results. In actual conditions, particles of all sizes are ingested into the engines. However, for simplicity purposes the selected size range will minimize any effect due to particle size on the results. The chemical composition as well as description of particle size distribution of this test dust range is reported in Table 1 and Table 2 Small microparticles may clump together during storage due to moisture. This can skew the results as clumped particles can interact physically during testing. In order to avoid this and achieve accurate test results, the sand is heated for several hours to remove moisture from the particles. This prevents particles from clumping and reduces any possibility of error in testing that would occur otherwise.
Test Conditions
Prior experiments [11, 12] on this rig had maximum temperatures of 1050°C at 70 m/s flow velocity. Same amount of sand was used in these studies. The current study examines the effect of particle deposition at 1100°C at 70 m/s flow velocity. Different amounts of sand was used in this study to understand the relationship between total sand injected and deposition. The coupon back plate temperature is lower than the air and particle temperature. This is due to the conductive losses through the support rod and radiative loses inside the test section. Table 3 shows the experimenta l condition and test matrix. The experimental conditions are chosen based on results obtained by Delimont et al. [12] , Walsh et al. [10] , and Crosby et al [15] . Performing these experiments will provide insight in to effect of total sand injected, coupon angle, particle concentration, and temperature on deposition. An additional run was performed at 1050°C and 50° coupon angle to verify the repeatability of the data. It was found that data was repeatable within 2 particles per mm 2 for the same experimental conditions conducted by Delimont et al. [12] . 
Data Reduction Method
Quantifying particle deposition is a complex problem as it depends on particle size, shape, concentration, temperature, velocity, angle of impact, etc. There is no proper way to characterize deposition as some of these parameters could be difficult to measure in a gas turbine. Hence, researchers have developed their own techniques to characterize particle deposition in laboratory experiments. Walsh et al. AxioCam MRc 5 camera. The images taken using the microscope can be scaled (pixels to distance). The scale is automatically calibrated according to the magnification of the microscope.
Knowledge of particle density over the entire coupon surface will provide the most accurate result. However, taking microscopic images of the entire surface is impractical. In order to solve this issue, the number of images required to represent the true particle density is determined statistically. The technique used is developed by Cochran [21] and is summarized by Bartlett et.
al. [22] . This technique is heavily dependent on the confidence interval and desired margin of error. These two parameters are selected by the researcher depending on the type of study. For the current study, Z-value for 95% confidence interval and estimating error as 10% of the mean of deposited particles in the initial sample for margin of error are used. These parameters are chosen as they provide precise results without taking huge number of sample images of the coupo n surface. Initially, 15 microscopic images are taken from leading edge to the trailing edge of the coupon along the centerline. The particle deposition is higher for all coupon angles at the leading edge and then decreases towards the trailing edge. Taking images along the length of the coupon will cover all range of deposited particle densities on the surface. The images are processed using a MATLAB code that gives number of particles deposited per image as shown in Figure 8 . Once the number of deposited particles is known in each of the 15 images, the standard deviation of the particles is calculated as:
Here, σ is the standard deviation, is the number of particles per image, ̅ is the mean of the sample, and is the total number of images. The standard deviation will dictate the number of images (samples) needed to represent the overall deposition within a desired interval. The total number of images needed can be calculated as follows :
where, n is total number of images needed to represent particle deposition over the coupon surface, E is the allowed margin of error in number of particles per image and is kept at 10% of the mean calculated from the initial samples.
2
⁄ is the statistical z-score.
At lower coupon angles, more particles are deposited at the leading edge than at the trailing edge. Due to this, the standard deviation is relatively high compared to standard deviation at higher coupon angles. This means that more images would be required at lower coupon angles to properly represent average particles deposited over the entire surface area. The standard deviation and number of images taken in each experiment is given in Table 4 below. Additional images are taken along the centerline of the coupon to meet the calculated number of images requirement. These images are then again processed using the MATLAB particle counter code and number of deposited particles in each image is measured. Each image is 2584*1986 pixels and the calibration factor from pixels to mm is (3700 pixels/1 mm) automatica lly provided by the microscope. This ratio is then used to calculate number of particles deposited per sq.mm. on the coupon surface for each image as shown in equation 3 below. Finally, average number of deposited particles are calculated from each of the calculated particles per sq.mm. for each image. It was found that total sand injected and particle concentration have a significant effect on deposition. Figure 12 shows particle deposition as a function of total sand injected at 50° coupon angle, 1100° C flow temperature, and 70 m/s flow velocity. These experiments were performed at a constant particle concentration of ~10000 ppmw. Figure 13 . Particle deposition increases drastically when 59g sand is injected compared to lower sand amounts.
As can be seen from Figure 12 , deposition increases drastically when more sand is injected.
Once the deposition begins, the surface roughness increases, which increases the probability of particles sticking to the surface. Moreover, once the deposits starts forming, the incoming sand starts impacting on the particles deposited initially instead of the coupon metal (See Figure 11 ).
This can lead to interaction between the already deposited particles and the incoming particles which results higher rate at which particles deposit on the surface [7, 23] .
Effect of Particle Concentration on Deposition at Constant Temperature and Total

Sand Injected
Three additional experiments were performed to observe deposition as a function of particle concentration. Particles were injected with different valve openings and bulk concentratio n rate was calculated based on total amount of sand injected during the test and total time taken for all the particles to inject. The valve was cracked open using a space gage to ensure repeatability of particle concentration in the mail flow. The experiments were performed at 30° coupon angle, 1100° C flow temperature, and 70 m/s flow velocity. The particles were injected approximately at 0.6 g/s, 1 g/s, and 2.2 g/s. The particle concentration was around 5300 ppmw, 10,000 ppmw, and 22,000 ppmw. All three experiments were performed using 10 g of sand. The results obtained from these experiments are shown in Figure 13 below. Figure 14 . Particle deposition as a function of concentration. As the particle concentration increases, the particle deposition was also observed to increase linearly.
This increase in deposition is likely caused by interaction of particles with each other in the flow. These particles interact with each other physically resulting in change of physical properties such as lowering of melting temperature [7, 10, 23] . This can result in higher deposition.
Effect of Temperature on Particle Deposition at Constant Coupon Angle
Moreover, additional experiments were performed at 30° and 50° coupon angles and 1100°C flow temperature with 59g total sand injected. The experimental conditions were kept the same as [8, 9] . Figures 14 and 15 show particle deposition at temperatures ranging from 950°C to 1100°C at 30° and 50° coupon angle. Deposition at 950°C, 1000°C, and 1050°C were performed by Delimont et al. [12, 18] and are used for comparison. Figure 15 . Particle deposition at temperatures ranging from 950°C to 1100°C at 30° coupon angle.
As seen in Figure 14 , particle deposition increases drastically with increase in temperature for 50° coupon angle. However, the increase in deposition is not as severe for the 30° coupon angle case. This could be due to particles having lower normal velocity at lower coupon angle. The flow particles could also be affected due to flow field around the test coupon and deviating them tangentially to the coupon surface.
Based on these results, deposition is following the trend observed by Delimont et al. [12] at temperatures up to 1050°C. The deposition is significantly higher at 1100°C compared to 1050°C. This could be due to the impacting particles are above their transition temperature.
Moreover, at 50° coupon angle the particles lost significant amount of kinetic energy during impact which could result in majority of particles deforming during impact and sticking to the relative ly cooler coupon surface.
Effect of Impact Angle on Particle Deposition at Constant Temperature
Additional tests were performed using 10g of sand, particle concentration of ~10000 ppmw, 1100°C flow temperature, 70 m/s flow velocity, and coupon angle ranging from 30° to 90°. Results are shown in Figure 16 . Figure 16 . Particle deposition with respect to coupon angle at 1100°C temperature and 10g total sand injected.
As expected, particle deposition increases as the coupon angle increases. However, the increase in deposition is not as severe as seen with 59g sand in previous tests. This could be due to less particles interacting on the coupon surface resulting in less deposition. Based on trends observed by Delimont et. al. [12] for change in deposition with respect to coupon angle, the increase in deposition is not as severe with 10g total sand injected. The data is insufficient to explain the reason behind this however, based on the trends observed in Figure 12 , the deposition could be drastically different higher amounts of sand is injected during the test.
Conclusion
Particle deposition in gas turbine engines is a complex process that depends on the type of particles, temperature, velocity, coupon angle, concentration, total sand injected, etc. This study tests some of these parameters to understand particle deposition at representative engine temperatures. Amount of sand, particle concentration, coupon angle, and temperatures were varied to understand their effects on deposition. It was found that temperature has the most significa nt impact on particle deposition. Previous studies were performed at near-melting temperatures of the particles and observed a steady increase in deposition at a particular temperature. However, increasing the temperature from 1050°C to 1100°C increased the particle deposition almost six times for the same coupon angle. This is because the particles transition to molten state at temperatures above 1050°C. The overall trend observed in particle deposition was exponential for every 50°C increase in the flow temperature. This study was performed around the temperature at which particles transition to the molten state. It is believed that particle deposition will be drastically higher at higher temperatures. Moreover, it was found that particle concentration used during the study has a direct effect on deposition. The particle deposition almost doubled as the concentration was increased about six times at 30° coupon angle. The deposition could increase more severely at higher coupon angles based on the trend observed in total sand injected and coupon angle analysis performed in this study. This means that accelerated tests to study deposition could be potentially skewed and not replicate actual deposition in turbines accurately. The current study also found that total sand injected has a significant effect on deposition. The deposition is fairly linear up to a total sand injected of 30g. However, increasing total amount of sand to 59g
increases the deposition about three times. This increase in deposition for different amounts of sand injected could be significantly different for different coupon angles based on Figure 16 . The deposition increased significantly at constant temperature, velocity, concentration, and total sand injected from lower to higher coupon angles. This means that deposition trends observed for different amounts of sand injected and concentration could differ significantly depending on the coupon angle.
More research needs to be done in order to fully understand the effects of total sand injected, concentration, and coupon angle on deposition. The current study shows that deposition increases as these parameters are changed. However, in order to accurately measure the increase in deposition, effects of total sand injected and concentration need to be measured at differe nt coupon angles and at higher temperatures. Moreover, current experiments were only performed on Hastelloy X bare metal coupon. Rate at which particle deposit is expected to change as the loss in kinetic energy of particles during impact is different on different metals. Moreover, analyzing the deposited particles chemically using SEM or similar techniques may provide insight into the types of compounds that contribute to deposition. This compressor was repurposed to be used for shop air at APPL. Since the main compressors
A. Appendix: APPL Building Modifications
VT
were not operational at that time, a temporary line was installed to provide compressed air to the test rig. This was done using 1 inch hose connected directly to the buffer tank via compression fitting. The 1 inch hose would supply compressed air to the secondary buffer tank inside the test cell. Another major critical modification to the compressor was building a shed around it. The
Kaeser compressor is meant to operate indoors and can get severely damaged due to wind, snow, and freezing temperatures. The shed is also temporary and protects the compressor from elements. 
Cooling System
A water cooling system is one of the most critical systems for Aerothermal Rig operation.
The burner has an outer jacket through which cooling water flows to keep the walls at a reasonable temperature during operation. The water also cools flow turbulator inside the burner and prevents its inside walls from overheating or melting. Since APPL was in its final stages of completio n, there was no cooling system setup for the building. Doing that is a long and costly process that would require co-ordination with CRC and contractors. Hence in order to get the rig operational temporarily, a cooling system was designed and installed at APPL that would provide water to the rig using the same pump and cooling tower used in the Airport lab. About 350 feet of piping and hoses were specified and purchased. The pump supplying water is powered by a 5 hp motor and supplies water 180 gpm with 90 ft head. It was very critical to ensure that water has enough head to go through the burner and the cooling tower after going through 350 ft of piping. The pump is also designed to operate indoors and had to be operated in the open at APPL. A wooden shipping container was repurposed to house the pump and protect it from rain and snow temporarily. The cooling tower dissipates heat from returning water and also acts as a reservoir. Water is supplied to the pump from the cooling tower and the cooling tower is equipped with a water supply line that supplies water at 5 gpm at low pressure. The cooling tower automatically recharges with a ballvalve mechanism if the water goes below specified level. Figure 18 below show the cooling system at APPL.
Return from cooling tower Pump Shed
Supply to Burner Figure 18 . The pump for supplying cooling water housed in a repurposed shipping container. The container protects the pump from rain and snow.
B. Appendix: Aerothermal Test Rig Modifications
The test rig was originally purchased in August 1967 by Allison Division of General Motors Company and the last results from Rolls-Royce, Indianapolis were published in 1988. The rig was received by Virginia Tech in September 2010 and has been repurposed to perform coefficient of restitution and deposition measurements [11] . In August of 2014, the test rig was moved to APPL from its original location at VT Airport. At APPL, the test rig was setup to be able to operate at same capacity as the previous location. Significant changes have been made to the test rig and APPL and are documented in this section.
The test section part of the test rig expands noticeably when operating at very high temperatures based on previous experience. This expansion exerts additional stresses on the test section support and the exhaust duct. These stresses could severely damage test section support and the wall on which the exhaust duct is supported. At Indianapolis, the gooseneck on the test section would act as an expansion joint and was constrained to a concrete wall specially made for this purpose. However, this was not possible at APPL. Moreover, exhaust hole at APPL was offcentered by about 13 inches with respect to the exhaust duct on the test rig. Fixing this would require changes to decades old test section or raising the height of the test rig. Installing a rail system for the test rig would not only raise its height but also provide a mechanism to allow the test section roll back and forth during thermal expansion. Hence a 24' long V-channel rail was designed, manufactured, and installed at APPL. The rail worked extremely well when moving heavy test rig components. The rails are made from extra thick 4" I-beams that has a factor of safety of ~5. Special rail carts were also designed and manufactures to hold the burner and the test section of the Aerothermal rig. Figure 19 below shows an image of rail in the test cell. Carts allowed to adjust the burner and the test section in lateral direction as it is very critical to align them in a straight line to allow proper installation of the equilibration tube. Figure 19 . The Aerothermal rig on rails at APPL.
i. LabVIEW Safety Loops
The Aerothermal test rig is controlled using a LabVIEW code and has physical and logical safety locks in it. These safety locks have been incorporated in the hardware and LabVIEW code over the years' based on experiences. The test rig is monitored using thermocouples and pressure transducer that send signal voltages to NI CompactDAQ. Readings from these instruments are used to monitor the rig. A small loophole in the rig operation was uncovered during one of the tests. There was nothing to prevent accidently opening the fuel valve fully. This will allow huge amounts of methane in the test rig and can lead to catastrophic combustion of methane througho ut the test rig. Moreover, it was also discovered that there was no safety lock to ensure that the air was flowing through the test rig before starting the pilot flame or injecting methane. Flowing air through the rig is critical before any type of combustion as it mitigates pressure shocks generated during ignition and prevents the rig hardware from getting damage. In order to fix this, two safety loops were added to the LabVIEW code that would 1) Prevent any sort of fuel supply and ignitio n in the test rig if the main valve was closed and 2) The main valve cannot be closed if there is combustion going in the test rig.
Moreover, additional thermocouples and CCTV cameras were installed to measure burner operation and monitor rig inside the test cell when it is being operated. ii.
Fuel and Particle Delivery System
A special wooden wall structure was built at the VT Airport lab to mount the pipes, valves, regulators, and hoses for particle injector system. Same support was later used to mount the fuel lines and fuel valves as well. These systems are necessary for safe operation of the rig and new support structure was needed to be built at APPL to mount the particle and fuel delivery systems.
Since these systems were already made and working, the support had to match the mounting locations of the existing system so it can be re-used. To solve this problem, strut channels were mounted along the length of a test-cell wall adjacent to the test rig. The strut channels gave the flexibility to have mounting location at any point on the wall and were able to support the weight of the equipment as well. Figure 21 shows the fuel and particle delivery systems mounted to the strut channels inside the test cell. Figure 21 . The fuel supply to the Aerothermal Rig is remotely controlled using the pneumatic valve and the particles are injected in to the rig through the particle hopper.
